Aging increases the risk for arrhythmias and sudden cardiac death (SCD). We aimed at elucidating aging-related electrical, functional, and structural changes in the heart and vasculature that account for this heightened arrhythmogenic risk. Young (5-9 mo) and old (3.5-6 yr) female New Zealand White (NZW) rabbits were subjected to in vivo hemodynamic, electrophysiological, and echocardiographic studies as well as ex vivo optical mapping, high-field magnetic resonance imaging (MRI), and histochemical experiments. Aging increased aortic stiffness (baseline pulse wave velocity: young, 3.54 Ϯ 0.36 vs. old, 4.35 Ϯ 0.28 m/s, P Ͻ 0.002) and diastolic (end diastolic pressure-volume relations: 3.28 Ϯ 0.5 vs. 4.95 Ϯ 1.5 mmHg/ml, P Ͻ 0.05) and systolic (end systolic pressure-volume relations: 20.56 Ϯ 4.2 vs. 33.14 Ϯ 8.4 mmHg/ml, P Ͻ 0.01) myocardial elastances in old rabbits. Electrophysiological and optical mapping studies revealed age-related slowing of ventricular and His-Purkinje conduction (Histo-ventricle interval: 23 Ϯ 2.5 vs. 31.9 Ϯ 2.9 ms, P Ͻ 0.0001), altered conduction anisotropy, and a greater inducibility of ventricular fibrillation (VF, 3/12 vs. 7/9, P Ͻ 0.05) in old rabbits. Histochemical studies confirmed an aging-related increased fibrosis in the ventricles. MRI showed a deterioration of the free-running Purkinje fiber network in ventricular and septal walls in old hearts as well as agingrelated alterations of the myofibrillar orientation and myocardial sheet structure that may account for this slowed conduction velocity. Aging leads to parallel stiffening of the aorta and the heart, including an increase in systolic stiffness and contractility and diastolic stiffness. Increasingly, anisotropic conduction velocity due to fibrosis and altered myofibrillar orientation and myocardial sheet structure may contribute to the pathogenesis of VF in old hearts. The aging rabbit model represents a useful tool for elucidating age-related changes that predispose the aging heart to arrhythmias and SCD. cardiac electrophysiology; cardiac hemodynamics; optical mapping; high-field magnetic resonance imaging AGING IS ASSOCIATED WITH AN increased incidence of cardiac arrhythmias and is a known independent risk factor for sudden cardiac death (SCD) (22). Multiple factors may influence age-related SCD, including structural and electrical changes in the heart. Aging results in increased fibrosis and reduced cellular coupling in the cardiac muscle (14, 45) and the specialized conduction system (18), which slows activation and conduction velocity (CV) throughout both the ventricle (13) and the His-Purkinje system (16, 18, 48, 55) . Age-related alterations in anisotropic CV with a preferentially reduced transverse conduction provide a substrate for reentrant arrhythmias and exert a proarrhythmic effect by decreasing the threshold for ventricular fibrillation (VF) in various animal models of aging, such as rabbits, dogs, and mice (13, 25, 53, 54) .
AGING IS ASSOCIATED WITH AN increased incidence of cardiac arrhythmias and is a known independent risk factor for sudden cardiac death (SCD) (22) . Multiple factors may influence age-related SCD, including structural and electrical changes in the heart. Aging results in increased fibrosis and reduced cellular coupling in the cardiac muscle (14, 45) and the specialized conduction system (18) , which slows activation and conduction velocity (CV) throughout both the ventricle (13) and the His-Purkinje system (16, 18, 48, 55) . Age-related alterations in anisotropic CV with a preferentially reduced transverse conduction provide a substrate for reentrant arrhythmias and exert a proarrhythmic effect by decreasing the threshold for ventricular fibrillation (VF) in various animal models of aging, such as rabbits, dogs, and mice (13, 25, 53, 54) .
In addition to direct electrophysiological effects, the effects of aging on cardiac mechanical function and vascular structure may contribute to increased arrhythmogenic risk. Indeed, it is known that, in humans, aging is associated with increased arterial stiffness and pulse pressure, which are associated with an increased susceptibility to various cardiac events, including arrhythmia (33, 34, 38) .
In light of the many environmental confounders associated with aging in humans, elucidation of major causes and underlying mechanisms of SCD has proven difficult. Studies in humans generally provide only statistical associations (47, 61) , which require subsequent validation in experimental models for a more thorough examination of the causal relations between aging and increased incidence of SCD. It is known that the rabbit's action potential shape and its ionic composition are similar to humans (46, 57) . Hence, we examined aging-related changes in cardiac electrophysiological, mechanical, and structural features in a rabbit model, and we also related sequelae of vasculature aging to structural and electrophysiological alterations in the myocardium, thereby providing a more thorough assessment of pathophysiological alterations that may render the aging heart more susceptible to arrhythmia and SCD.
METHODS

Animal Ethical Statement
All animal studies were performed in accordance with the local guidelines of the institutions and only after approval by the Institutional Animal Care and Use Committee in accordance with the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication no. 85-23, revised 1996) .
Aortic Pullback and Pulse Wave Velocity
Pulse wave velocity (PWV) was assessed via aortic pullback as previously described (36, 37) . Briefly, under fluoroscopic guidance, a 3-Fr dual pressure-volume catheter (Millar Instruments, Houston, TX) was inserted through a 3-Fr sheath via the right carotid artery and advanced to the proximal aorta. Additionally, a 2-Fr pressure catheter (Millar Instruments) was inserted via the femoral artery and advanced retrogradely to the proximal aorta. An incremental 10-cm pullback of the femoral pressure catheter was performed, with proximal and distal pressures recorded at 2-cm intervals. With the catheters in their final locations, PWV was subsequently assessed in young and old rabbits during a graded intravenous infusion of phenylephrine (PE) at 2-10 g·kg Ϫ1 ·min Ϫ1 . The carotid artery was tied, the femoral artery repaired, and animals were survived after the study. Data were analyzed off-line with proprietary software (NIHem; Cardiovascular Engineering, Norwood, MA). In brief, proximal and distal pressures were signal averaged using the electrocardiographic (ECG) R-wave as a fiducial point. The foot-to-foot transit time was ascertained from signal-averaged waveforms. Transit distance was derived from linear fitting of the pullback data as previously described (36) .
In Vivo Hemodynamic Studies
Young (5-9 mo, n ϭ 6) and old (4 -6 yr, n ϭ 6) female NZW rabbits were sedated with ketamine/xylazine (25 mg·kg Ϫ1 ·3.75 mg Ϫ1 ·kg Ϫ1 im), intubated, and ventilated with supplemental oxygen (2-4%). During the procedure, the rabbits were anesthetized with continuous intravenous infusion of ketamine and xylazine (5 and 4.5 mg·kg Ϫ1 ·h Ϫ1 ) as described (60) . With the use of the right carotid artery, a 3-Fr dual pressure-volume catheter (Millar Instruments) was inserted through a 3-Fr sheath via the right carotid artery and advanced into the left ventricle (LV) under fluoroscopic guidance. With the use of four to five segments, the electrical impedance was measured within the LV, and data were recorded with LabChart7 Software (ADInstruments, Sidney, Australia) and MPVS Ultra Control Software (Millar Instruments) as high-fidelity, instantaneous LV pressure-volume loops during steady-state inferior vena cava (IVC) occlusion and saline calibration. To reduce preload to acquire systolic and diastolic pressure-volume relations, the IVC was occluded by physically compressing the IVC by applying pressure in the subxiphoid right lateral region of the abdomen. To obtain absolute volumes, blood resistivity was measured using ϳ1 ml of heparinized blood and a Rho cuvette, and parallel conductance was determined by the hypertonic saline method (42) . The saline calibration was confirmed with echocardiography. Data were analyzed off-line with PVAN Ultra software (Millar).
Echocardiographic Studies
Transthoracic echocardiography was performed in sedated young (5-9 mo, n ϭ 5) and old (4 -6 yr, n ϭ 5) female New Zealand White (NZW) rabbits (ketamine/xylazine 25 mg·kg Ϫ1 ·3.75 mg Ϫ1 ·kg Ϫ1 im). A 7.5-mHz probe and long-axis and M-mode views were used. Analysis included LV and septal wall thickness, LV lumen diameter during systole and diastole, and LV fractional shortening and ejection fraction. Analyses were performed by an experienced echocardiographer blinded to the age.
In Vivo Electrophysiological Studies
Young (aged 5-7 mo, n ϭ 6) and old (aged 3.5-5.5 yr, n ϭ 8) female NZW rabbits were subjected to transvenous electrophysiological studies (EPS) as described (41) . Briefly, rabbits were anesthetized with ketamine/xylazine (25 mg·kg Ϫ1 ·3.75 mg Ϫ1 ·kg Ϫ1 im) and buprenorphine (0.03 mg/kg sq), intubated, and ventilated with isoflurane (1-2%, FI O 2 0.5). Steerable 4-Fr decapolar and 4-Fr quadripolar EP catheters (Irvine Biomedical, Irvine, CA) were inserted in the right femoral and right jugular veins through 4-Fr sheaths and placed in the right atrium and ventricle, guided by fluoroscopy and pacing thresholds. Signals from the His bundle were obtained with the ventricular EP catheter [right ventricular (RV) base]. During the procedure, 12-lead surface, two intra-atrial, and five intraventricular ECG signals were recorded continuously using the EP-Bard-System Software OS2/ warp (kindly provided by Bard, Lowell, MA), filtered with a bandwidth of 30 -250 Hz (intracardiac signals) and 0.01-100 Hz (surface ECG). EPS were performed at a stimulation cycle length (CL) of 200 and 240 ms. The following electrophysiological parameters were analyzed as previously described (41) : sinus node recovery time (SNRT) was evaluated at pacing drive rates of 200 and 240 ms after 200 beats, and the heart rate-corrected SNRT (SNRT Ϫ sinus CL) was calculated. Atrium-to-His (AH) and His-to-ventricle (HV) intervals that reflect conduction from the atrium to the proximal His bundle (AH) and from the His bundle via Purkinje fibers to the ventricle (HV) were measured. Antegrade and retrograde Wenckebach CL (AVWCL/ VAWCL) were characterized as the longest CL resulting in Wenckebach atrioventricular (AV) block. Atrial effective refractory period, AVnodal/His-Purkinje effective refractory period, and ventricular effective refractory periods in RV apex (VERPapex) and septal RV base (VERPbase) position were analyzed by progressively shortening the S2-interval in 10-ms steps after eight-beat S1 trains. To evaluate potential aging effects on QT duration, we applied the following previously established heart rate correction formulas for the expected QT interval under isoflurane anesthesia (10): WT, QT expected ϭ 0.4 ϫ RR ϩ 92. The QT index was defined as the percentage of the observed vs. the expected QT. EPS were performed at baseline and during isoproterenol infusion (0.10 -0.25 g/min to increase the spontaneous heart rate to 120%).
Ex Vivo Optical Mapping
To further characterize electrophysiological changes in aging, we performed optical mapping studies of young (age 6 -9 mo, n ϭ 6 -7) and old (age 3.5-6 yr, n ϭ 8 -9) female rabbits. Heart preparation and retrograde perfusion were performed as previously described (12) . Briefly, hearts were stained with a voltage-sensitive dye, di-4 ANEPPS (Invitrogen, Carlsbad, CA). Blebbistatin (5 M) was added to the perfusate to reduce motion artifacts (15) . Fluorescence signals were recorded using a CMOS camera (100 ϫ 100 pixels, 1,000 frames/s, 25 ϫ 25-mm 2 field of view). To measure and characterize anisotropic propagation, the center of the LV epicardium was stimulated with a concentric bipolar electrode (Harvard Apparatus) at 350 ms CL to generate an elliptical activation pattern from the stimulus site. Activation time point at each site was determined from the local action potential upstroke using (dF/dt) max and mapped using a custom-designed software based on Interactive Data Language (IDL 6.3; Research Systems), as previously described (12) . Longitudinal and transverse conduction velocities were calculated by determining the major axis of conduction and estimating conduction along the direction of eigen vectors as previously described (12) .
The spatial organization of wave propagations in VF was analyzed using cross correlation and correlation length analysis as described (12) . Briefly, the reference channel was selected at the center of the LV free wall and correlation between reference, and the rest of the pixels were calculated and mapped. Higher correlation along the fiber orientation indicates activation during VF has preferential conduction along the fibers, as previously described (12) . The correlation lengths along the longitudinal and the transverse direction were calculated, and the ratio of longitudinal/transverse was used for statistical test.
Sirius Red Staining
Rabbit hearts were excised (n ϭ 3 young, n ϭ 3 old female rabbits), fixed with 10% formalin, and embedded in paraffin. The hearts were cut in four-chamber view orientation at 5 m thickness, deparaffinized, and stained with picro-Sirius red for 1 h at room temperature. After washes, sections on the slides were dehydrated in 100% ethanol and xylene and mounted in SHUR/Mount toluenebased liquid media (Triangle Biomedical Sciences, Durham, NC).
Analysis of Fibrosis
Sections stained with Sirius red were visualized with an Eclipse TE2000 microscope (Nikon, Melville, NY) and a ϫ4 objective under white and polarized light, and the images were captured using Elements software (Nikon). The total and fibrotic areas were evaluated by capturing digital RGB images of the LV and septum wall. Analysis was performed using Adobe Photoshop software (Adobe Systems, San Jose, CA) and ImageJ software with the Otsu thresholding method (United States NIH, Bethesda, MD) as previously described and modified (1) . The mean area of fibrosis was calculated by comparing total area (white light) and fibrotic area (polarized light) for young and old rabbit sections.
Magnetic Resonance Imaging
To assess structural correlates to age-related changes in the conduction system, hearts from young female (aged 6 mo, n ϭ 4) and old (age 5 yr, n ϭ 3) rabbits were excised and quickly fixed in 10% formalin solution. Two days before magnetic resonance imaging (MRI), fixed hearts were transferred to PBS solution to wash out residual fixative. Fluorocarbon solution (FC-43, Fluorinert; 3M, St. Paul, MN) was used to prevent dehydration and eliminate proton signal from the surrounding fluid (7).
The hearts were examined using a 17.6-T/89-mm vertical widebore magnet (Oxford Instruments, Oxford, UK) connected to a Bruker spectrometer console running Paravision 4 software (Bruker Instruments, Billerica, MA). The RF coil used for the in vitro imaging was a commercial birdcage coil (Bruker Instruments) with diameter ϭ 25 mm and length ϭ 35 cm. The temperature in the magnet was maintained at 19 -20°C. Three-dimensional high-resolution MRI data were collected using a fast gradient echo pulse sequence, achieving a voxel resolution of 35 m ϫ 35 m ϫ 82 m. Imaging parameters were TR ϭ 150 ms, TE ϭ 18.5 ms, 1 average, sampling bandwidth ϭ 20 k. Total acquisition time was 7 h and 30 min. The subsequent high angular resolution diffusion microscopy (HARDM) using 21 directions was performed using a standard multislice PGSE pulse sequence, achieving an in-plane resolution of 60 m ϫ 60 m with a slice thickness of 600 m. The diffusion-sensitizing factor (b-value) was 1,000 s/mm 2 using ⌬ ϭ 13.4 ms and ␦ ϭ 1.8 ms. Imaging parameters were TR ϭ 3,000 ms, TE ϭ 25.1 ms, 1 average. Total acquisition scan time for each HARDM experiment was 7 h and 40 min. The pilot images with three orthogonal planes were collected at intervals during the experiment to determine if the isolated heart imbedded in the dense FC-43 solution moved during these long scans.
Data analysis. Volume rendering of the three-dimensional MR data sets was performed using ImageJ (version 1.41, http://rsbweb.nih.gov/ ij/) that enabled appropriate virtual sectioning in any direction and geometrical image registration with the HARDM data sets. The tensor processing of HARDM data sets was performed using fanDTasia (2008, Barmpoutis, http://www.cise.ufl.edu/ϳabarmpou/) (3) .
Explanation of the HARDM imaging interpretation. A diffusion tensor can be visualized as the intersection of two orthogonal ellipses, with the largest ellipse representing the preferential (or least restricted) direction of diffusion. The ellipse that is orthogonal to the largest ellipse is described by two additional vectors, which reflect diffusion barriers in this plane. If diffusion is isotropic (without barriers to diffusion), all three vectors that describe the ellipses are equal, and the volume that reflects the probability of water diffusion is represented by a sphere. If diffusion is restricted in one or more directions, it is referred to as anisotropic, and there are differences between the magnitudes of the three vectors. The term "eigen" is used to indicate that the calculated value is characteristic of the diffusion; eigen vector is defined as the orientation of diffusion, and eigen value reflects the rate of water diffusion. The orientation that is preferential, or least restricted, is known as the principal eigen vector. The rate of diffusion that corresponds to the principal eigenvector is known as the principal eigen value. The assignment of secondary and tertiary eigen vectors is dependent upon the magnitude of the corresponding eigen values and is made according to decreasing magnitude. Therefore, the principal, secondary, and tertiary eigen values are ordered in decreas- Fig. 1 . Aortic pulse wave velocity (PWV) in young and old rabbits. A: fluoroscopic image of the placement of the two catheters. B and C: representative pressure tracings from young and old hearts at the end of the aorta during pullback procedure (proximal at 0 cm; distal at 10 cm). D and E: PWV at baseline (n ϭ 6 young and n ϭ 6 old rabbits) and with phenylephrine (n ϭ 5 young and n ϭ 6 old rabbits), respectively. **P Ͻ 0.01. All values are shown as means Ϯ SD. F: PWV vs. mean arterial pressure (MAP) of old and young rabbits at baseline and with phenylephrine. Data points represent individual rabbits of each group. ing magnitude, and the corresponding eigen vectors reflect their direction. Previous work investigating diffusion in the heart suggests that the primary eigen vector reflects the orientation of the cardiomyofibers (19) and that the myocardial sheet structure proposed by LeGrice et al. (28) may be reflected by the tertiary eigen vector (19) . A 3 ϫ 3 diffusion tensor matrix, describing the three-dimensional translational diffusion of water molecules in each voxel, was calculated from the HARDM data set, and the three (primary, secondary, and tertiary) eigen vectors and eigen values were obtained (4, 5) .
Statistical Analysis
For normally distributed values, we used Student's unpaired and paired t-tests to compare the means of two groups. Analysis was performed with Prism 4 for Windows (Graphpad, San Diego, CA). All data are presented as means.
RESULTS
In Vivo Hemodynamics and PWV
We first investigated PWV as an indicator of aortic stiffness. Figure 1A depicts the initial placement of the two catheters used during aortic pullback. Figure 1 , B and C, shows old and young representative pressure tracings from the proximal pressure catheter in the aortic root and the distal femoral catheter at the femoral catheter's most distal point (10 cm). Baseline PWV (Fig. 1, D and E) , indicating that stiffening of the aorta occurs with aging. Figure 1F depicts the relation between PWV and mean arterial pressure (MAP) in essentially nonoverlapping groups of young and old rabbits at baseline and during PE. Old rabbits tended to have lower MAP at baseline (young,
Second, we investigated the aging effect on LV stiffness. During IVC occlusion, the slopes of the end systolic pressurevolume relations (ESPRV) and end diastolic pressure-volume relations (EDPVR) were significantly altered in old compared with young rabbit hearts, as shown in Fig. 2 , A and B. ESPRV was significantly higher in old rabbits (20.56 Ϯ 4.2 vs. 33.14 Ϯ 8.4 mmHg/ml, P Ͻ 0.01) (Fig. 2C) , indicating an increased systolic stiffness and contractility in the aging heart. EDPRV was also significantly higher in old rabbits (3.28 Ϯ 0.5 vs. 4.95 Ϯ 1.5 mmHg/ml, P Ͻ 0.05) (Fig. 2D) , indicating an increased diastolic stiffness and hence reduced compliance of the aging rabbit heart. Additionally, we observed a proportional, linear relation between PWV and ESPVR (Fig. 2E) , indicating a parallel stiffening and remodeling of the aging heart and aorta. In contrast, no correlation was observed between PWV and EDPVR.
Echocardiographic Studies
Echocardiography data showed a 30% increase in wall thickness of the interventricular septum of old rabbits as well as a trend toward a thicker posterior wall, consistent with concentric hypertrophy (Table 1) . Moreover, old rabbits had an increased LV mass (young, n ϭ 7, 8.26 Ϯ 0.55 vs. old, n ϭ 5, 12.11 Ϯ 1.48, P Ͻ 0.05), but the LV mass-to-body weight ratio was not changed with aging. No differences were observed between old and young rabbits in regard to ejection fraction, fractional shortening, LV diastolic diameter, and LV systolic diameter (Table 1) .
In Vivo EPS
During in vivo EPS, the heart rate was significantly slower in old rabbits (young vs. old, 184 Ϯ 4 vs. 166 Ϯ 6 beats/min, P Ͻ 0.05) at baseline and slower during isoproterenol exposure (212 Ϯ 17 vs. 200 Ϯ 11 beats/min, P Ͻ 0.05), but isoproterenol significantly increased heart rate in both young and old rabbits (P Ͻ 0.05 each, paired t-test). In line with the slower heart rate in old rabbits, in vivo EPS revealed a longer heart rate-corrected SNRT in old rabbits at baseline (78.4 Ϯ 23.4 vs. 126.0 Ϯ 24.1 ms, P Ͻ 0.05) and after sympathetic stimulation (70.0 Ϯ 13.6 vs. 109.0 Ϯ 29.5 ms, P Ͻ 0.05 each). Figure 3 , A and B, depicts representative alterations in QRS morphology and duration in old rabbits, demonstrating classical right bundle branch block (RBBB) features with an rR= QRS morphology in V1 and a broad S in V5, V6 along with the typically seen inverted T-wave in V1. We observed this classical complete RBBB morphology in four out of eight old Fig. 3 . Electrocardiographic (ECG) parameters in young and old rabbits. A and B: representative ECG traces (chest leads V1-V6) of individual young and old rabbits, demonstrating classical right bundle branch block (RBBB) features along with the typically seen inverted T-wave in V1. P, P wave, QRS complex; T, T wave. C: PQ interval duration in 6 young and 8 old rabbits. D: QRS duration in 6 young and 8 old rabbits. **P Ͻ 0.01. E: heart rate-corrected QT index (QTi) in 6 young and 8 old rabbits. All values are shown as means Ϯ SD. F and G: representative intracardiac ECG traces (RV apex, mid, and base position) of individual young and old rabbits. A, atrium; H, His electrogram; V, ventricle. H: duration of AH intervals, which reflect conduction from the atrium to the proximal His bundle, in 6 young and 8 old rabbits. I: duration of HV intervals, which reflects conduction from the His bundle via Purkinje fibers to the ventricle, in 6 young and 8 old rabbits. ***P Ͻ 0.0001. All values are shown as means Ϯ SD. rabbits; the other four old rabbits had incomplete RBBB-like QRS patterns. In contrast, all young rabbits had normal QRS patterns in leads V1-V6 as shown in Fig. 3A . These age-related changes in QRS resulted in significantly prolonged QRS complex durations in old rabbits (P Ͻ 0.01, Fig. 3D ). Moreover, we observed a trend toward longer PQ intervals in old rabbits (78.0 Ϯ 1.6 vs. 82.4 Ϯ 8.7 ms, P ϭ 0.295, Fig. 3C ). Heart rate-corrected QT indexes did not differ between old and young rabbits (Fig. 3E) . In vivo EPS revealed prolonged HV intervals in old rabbits (HV: 23 Ϯ 2.5 vs. 31.9 Ϯ 2.9 ms, P Ͻ 0.0001, Fig. 3, F, G, and I) , indicating a slowed conduction, particularly through the His-Purkinje system in old rabbits. However, AH intervals (Fig. 3H) , AV Wenckebach cycle length (AVWCL: 163.3 Ϯ 15.1 vs. 165.7 Ϯ 17.2 ms), and AV nodal effective refractory periods (10 Ϯ 15.8 vs. 106.7 Ϯ 13.7 ms) did not differ between both age groups, indicating a lack of age-related changes in the AV nodal conduction.
VERP in the RV apex and base did not differ between old and young rabbits (VERP240 apex, 140.0 Ϯ 8.9 vs. 147.5 Ϯ 14.9 ms; VERPbase: 150 Ϯ 22.8 vs. 155 Ϯ 16 ms). However, the isoproterenol-induced shortening of the VERP was more pronounced in young rabbits where a significant shortening occurred in both the apex and the base (VERP240apex-Iso, young, 128.3 Ϯ 14.7 ms, P Ͻ 0.05 vs. baseline; VERP240base-Iso, 136.7 Ϯ 13.7 ms, P Ͻ 0.05 vs. baseline) while in old rabbits the VERP only shortened in the base (VERP240apex-Iso, old, 141.3 Ϯ 17.3 ms; VERP240base-Iso, 137.1 Ϯ 12.8 ms, P Ͻ 0.05 vs. baseline).
Tissue Anisotropy and VF Inducibility
We further investigated CV changes and VF inducibility of young and old hearts using optical mapping. Activation maps under sinus rhythm show marked delay in old heart (Fig. 4,  A-C) and the total activation time from the field of view was longer in line with the widening of the QRS complex in old hearts (see Fig. 3 ). However, action potential duration (APD) (young, 210.39 Ϯ 15.55 vs. old, 206.18 Ϯ 19.57) and APD dispersion did not differ between young and old hearts (Fig. 4,  D-F) . Figure 4 , G and H, shows typical examples of elliptical activation patterns during LV stimulation. In the aging heart, the anisotropic conduction became more exaggerated: in the old heart, longitudinal conduction velocity (CV L ) ϭ 0.828 Ϯ 0.053 ms/transverse conduction velocity (CV T ) ϭ 0.280 Ϯ 0.078 ms, whereas, in the young heart, CV L ϭ 0.767 Ϯ 0.091 ms/CV T ϭ 0.348 Ϯ 0.047 ms. Figure 4I shows box plots of the distribution of longitudinal and transverse CV (CV L /CV T ), with an increase of the CV L -to-CV T ratio and a greater variation mostly in old hearts (P Ͻ 0.05), suggesting that conduction in the transverse direction is hindered with age compared with the longitudinal direction.
We further investigated whether changes in tissue anisotropy in aging can cause different wave dynamics in VF. VF was inducible in most old hearts (7 out of 9) and only a few young hearts (3 of 12) by the ramp pacing protocol (systematic decrease in stimulation CL). Typical examples of VF signals from young and old hearts are shown in Fig. 5, A and B . Because transverse conduction is hampered in aging hearts, we hypothesized that conduction blocks across the transverse direction may provide a substrate for VF maintenance. The superimposed traces along the transverse direction in old hearts (Fig. 5, C and D, panels on bottom) also show asynchronous membrane potential (V m ) oscillations, indicating anomalies in transverse conduction in old hearts may contribute to VF maintenance. To quantify abnormal conduction in the transverse direction in VF, we applied cross correlation analysis (with correlation of V m oscillations between different pixels in VF). The center of field of view was selected as reference, and correlation between the rest of the field of view was calculated and mapped in Fig. 5, C and D (panels on top) . In line with CV L /CV T measurements, old hearts show lower correlation along the transverse direction, resulting in more elongated elliptical correlation maps.
Fibrosis in the Aging Heart
Histochemical experiments revealed an age-related increase of total (5.60 Ϯ 0.1 vs. 11.01 Ϯ 0 1.3%, P Ͻ 0.01) and interstitial (defined as total fibrosis Ϫ fibrosis around the epicardium, valves, and large vessels) (2.82 Ϯ 0.5 vs. 6.97 Ϯ 0.8%, P Ͻ 0.01) fibrosis in the LV and interventricular septum (Fig. 6) .
Structural Changes in the Aging Heart
In line with the increased wall thickness of the interventricular septum assessed in vivo by echocardiography, we observed a significant increase in interventricular septum thickness in the young (n ϭ 4) and old (n ϭ 3) rabbit hearts using MRI (3.87 Ϯ 0.08 vs. 4.81 Ϯ 0.60 mm, P Ͻ 0.05). Moreover, volume-rendered transverse images of the apical half of the LV suggest that the free-running Purkinje fiber network in the LV cavity is significantly altered with aging (Fig. 7, A and B) . Young hearts have a higher complexity in the geometry of free-running fibers than hearts from older animals. In addition, young hearts have free-running fibers that are significantly larger in diameter (0.2 Ϯ 0.01 vs. 0.14 Ϯ 0.018 mm, P Ͻ 0.05).
Results of HARDM are presented in Fig. 7 , C and D, which shows typical, representative tensor component maps of hearts from a young and an old rabbit. The heart from the young animal shows a conspicuous stripe pattern in the interseptum and free wall (Fig. 7C ). This pattern is less apparent in the heart from the older animal (Fig. 7D) . A volume-rendered image of the interventricular septum shows that the stripe pattern has a longitudinal direction and appears to exist in the basal half of the LV. Figure 7 , E and F, compares the primary eigen vector and the tertiary eigen vector in the midinterventricular septum of a young heart and an old heart. These correspond to the myocardial fiber orientation and the orientation of the myocardial sheet structure, respectively (20, 51) . These transmural patterns are less distinct in the old heart, and the orientation of the tertiary eigen vectors is dramatically altered as well.
DISCUSSION
In this study, we reveal age-related functional, electrical, and morphological changes in the heart and the aorta, such as an increased aortic stiffness that is associated with decreased diastolic and systolic compliance, increased fibrosis and altered myofibrillar orientation and myocardial sheet structure in the septum, slowed CV and increased CV anisotropy in the ventricle and the His-Purkinje conduction system, and Purkinje fiber network deterioration. Thus, this study provides a detailed assessment of various components of ventricular and vascular aging that may contribute to heightened arrhythmogenic risk with advancing age.
Aging and Structural and Functional Changes in the Heart and Aorta
We show age-related alterations in diastolic and systolic mechanical function as previously shown in humans (32, 43) . The end-diastolic elastance is increased in old rabbits, indicating a decreased diastolic compliance as previously described in older humans with a reduced LV filling rate (6, 26, 50) and an age-related increase in operant end-diastolic elastance (8).
Moreover, we observed an age-related increase in end-systolic elastance, indicating that myocardial stiffness and contractility are also increased during systole. We hypothesize that changes in ventricular stiffness associated with cardiac remodeling are coupled to arterial remodeling during the aging process. It is well known that arterial stiffness, wave reflections, and systolic and pulse pressures all increase with aging in humans (26, 35) . We confirmed that, in the rabbit model, PWV and, hence, aortic stiffness also increase with aging. In humans Ͻ50 years of age, the PWV typically ranges from 5 to 7 m/s; whereas, in humans Ͼ60 years of age, PWV ranges from 8 to 11 m/s or higher (35, 44) , which is considerably higher than PWV values observed during aortic pullback experiments in our rabbits. For these studies, however, baseline measures were acquired while the rabbits were anesthetized with ketamine and xylazine, which considerably lowered blood pressure. At baseline, old rabbits tend to have lower MAP yet higher PWV, and, under ␣ 1 -adrenergic stimulation, young and old rabbits have similar MAP while old rabbits have much higher PWV. Additionally, the relative difference in PWV between young and old was more comparable between humans and rabbits when evaluated at the higher pressures generated by ␣ 1 -adrenergic stimulation. Because it has been shown that higher resting heart rate and an acute increase in heart rate are associated with higher PWV, lower heart rate cannot explain higher PWV during PE infusion (2, 23, 27, 31, 35) . Moreover, we were able to show a positive, linear relation between aortic stiffness and cardiac stiffness during systole, whereas no relation existed between aortic and diastolic cardiac stiffness, suggesting that aortic stiffness leads to systolic stiffening of the aging heart. In rabbits, aging increased LV wall thickness but did not alter systolic LV function as assessed by ejection fraction, which is similar to the pattern observed in aging humans in the absence of hypertension or cardiovascular disease (26) . We observe a simultaneous increase in aortic and diastolic stiffness, increased systolic contractility and elastance, and maintenance of the ejection fraction with age, which reinforces this idea that ventricular performance is coupled with arterial function. Hence, when we correlate both systolic and diastolic indexes of ventricular function with aortic PWV, we observed that only systolic stiffness is strongly associated with progressive aortic stiffness with age, suggesting that an age-related concentric remodeling of the LV in response to stiffening of the aorta maintains ejection fraction in the presence of hypertrophy and diastolic dysfunction.
Aging and Electrophysiological and Structural Properties of the His-Purkinje System
We show aging-related impaired sinus node function and slowed AV conduction, similarly as in humans (16, 18, 48) . However, while it has been demonstrated by various groups that aging prolongs PQ interval durations mainly by slowing of conduction through the AV node and proximal His bundle due to increased fibrosis in the specialized conduction system (16, 18, 48) , we revealed a pronounced slowing of conduction, particularly through the distal His-Purkinje system resulting in prolonged HV intervals and broader QRS complexes. Similarly, in comprehensive EPS, prolonged HV intervals were described in older individuals (55) . However, so far, the mechanisms underlying this impaired conduction through the distal His-Purkinje system remained unclear. Using high-resolution MRI, we revealed that alterations in His-Purkinje function were associated with morphological changes in the Purkinje system consisting of a thinned reticular network with fewer connections and thinner individual free-running Purkinje fibers. Whether age-related morphological changes in the human Purkinje system similar to those that we have described in the rabbit might underlie slowed conduction in humans remains to be investigated.
Tensor component maps of young hearts derived from HARDM data show a conspicuous stripe pattern in the interventricular septum and free wall that becomes less apparent in hearts from older animals. This stripe pattern has a longitudinal direction and appears to exist in the basal half of the LV. Considering that a basal end of these longitudinal stripes is proximal to the membranous interventricular septum from where the left bundle originates (9, 40) , the stripe patterns visible by endogenous MR contrast could represent projections from the left bundle that form the fan-like structure in the subendocardium of the interventricular septum. Combined analysis of the two MR modalities (magnetic resonance microscopy and HARDM) may provide a powerful tool to understand and monitor alterations in myofibrillar orientation, myocardial sheet structure, and the cardiac conduction network that occur as a result of aging.
Aging and Structural and Electrophysiological Properties of the Ventricle
Similar to observations in aging humans, we show that ventricular stiffness and wall thickness increase in the aging rabbit heart. Myocardial sheet structure reorientation has been shown to contribute to myocardial wall thickening in rats (11) . Here, we show that increased wall thickness and alterations of myofibrillar and myocardial sheet orientation are both positively associated with age. Whether these age-related changes in myofibrillar and Fig. 7 . Magnetic resonance imaging (MRI) parameters in the young and old heart. A and B: representative volume-rendered transverse images and manual segmentation (magnified) of the free-running Purkinje fiber network in the LV of an individual young and old rabbit heart. Lines and arrows in the green and red boxes indicate where virtual sectioning occurred in the long-axis planes. Interventricular septum thickness is ϳ3.93 mm (young) and 4.82 mm (old). I, interventricular septum; P, papillary muscle; FW, free wall. C and D: representative tensor component (Dyz) map from high angular resolution diffusion microscopy and a volume-rendered image of the interventricular septum of an individual young and old rabbit heart. Dotted lines (red) indicate where sectioning occurred, and dotted circles confine regions where the stripe pattern is observed. E and F: the primary eigen vector and the tertiary eigen vector maps of the left interventricular septum of young and old rabbit hearts. The primary eigen vector shows the preferential direction of water diffusion and is known to follow cardiomyofibers and conducting fiber tracts. Note the rotation of the color wheel orientation in E and F. The color wheel located at the top of each panel reflects the directional orientation of the respective eigen vectors. Blue represents eigen vectors that are through-plane (e.g., traveling out the page), whereas the colors red and green reflect in-plane orientations. Septal images have been rotated to allow comparison, and the color wheels have been rotated to the same extent to maintain the correct orientation for directionality. myocardial sheet orientation directly contribute to ventricular stiffness, however, remains to be investigated. Moreover, alterations in cell excitation and calcium handling also contribute to the age-related changes in the electrophysiological properties of the ventricle. It has been shown that cardiomyocytes from aging animals have longer action potentials primarily due to increased inward L-type current and reduced outward potassium currents (21, 58) . Also, several studies in murine models have shown changes in calcium-handling proteins, such as sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA), phospholamban, L-type calcium channel, ryanodine receptor, and sodium/calcium exchanger (21, 29, 30, 49, 52, 59, 62) . Also, functional changes in calcium handling, particularly with regard to SERCA, have been associated with both systolic and diastolic dysfunction (17, 49, 59 ). These alterations suggest that age-related cellular and molecular changes are plausible culprits behind the slowing of CV as well as triggered activity associated with the aging proarrhythmogenic phenotype.
Several reports have suggested that fibrosis in aging may increase the anisotropy of the ventricular muscle and may play an important role in the initiation and maintenance of VF through conduction blocks along the transverse direction (24, 39, 56, 63) . Using epicardial optical mapping, we revealed an increase in anisotropic conduction. Increased conduction anisotropy was associated with a higher VF-inducibility rate and a changed spatial organization of wave propagations during VF in old rabbits, suggesting that increased CV anisotropy provided a proarrhythmogenic substrate. Similarly, age-related reductions in transverse CV have been described in rabbits (13), mice (54) , and dogs (25) and were attributed to increased fibrosis and reduced intercellular coupling in old myocardium. Using HARDM, we have shown that not only increased fibrosis but also alterations of the myofibrillar orientation and myocardial sheet structure accompany age-related slowing of ventricular CV and increased conduction anisotropy. Moreover, these age-related changes in myocardial sheet and fiber orientation likely provide a structural substrate for reentrant arrhythmias, thereby increasing susceptibility to VF.
In summary, we have provided a detailed assessment of the impact of aging on the electromechanical structure and function of the rabbit heart. The rabbit model shows a parallel age-related increase in aortic and ventricular stiffness, as is seen in older humans. Moreover, aging slows CV throughout the His-Purkinje system and changes the morphology of the Purkinje network. The old rabbit heart also has an increased ventricular conduction anisotropy probably because of fibrosis and changed myofibrillar orientation and myocardial sheet structure, which provides a proarrhythmogenic substrate and thereby contributes to pathogenesis of VF in old hearts. Thus, the aging rabbit model represents a useful tool for elucidating age-related changes that predispose the aging heart to arrhythmia and sudden cardiac arrest.
